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Abstract 
The energy efficiency of multi-stage steam-jet-ejector vacuum systems was improved by solving the following main 
tasks: (i) systems analysis of these multi-stage plants and (ii) a selection of eligible surface roughness of steam-jet-
ejectors as a way for reducing their hydraulic losses and steam consumption. The systems analyse reveals that the 
consumption of motive steam and cooling water can be reduced when (i) the last stage of vacuum systems employs a 
water-ring vacuum pump instead of steam ejectors; (ii) four-stage vacuum systems are applied when cooling water 
with temperature above 30º is used; (iii) the first stage of vacuum system is without a condenser when the plant uses 
cooling water with temperature above 30 ºC; (iv) the values of intermediate pressures in the end of the first and the 
second stages are optimized by means of a minimization of the total consumption of motive steam and cooling water 
in these stages. An engineering approach was developed for determining the eligible surface roughness of ejectors 
depending on Re number and the diameter of actual section. This approach assures to be obtained a minimal linear 
friction factor in each section. On this basis the eligible values of roughness average Ra for seven representative sec-
tions of ejectors were specified. A family of four-stage vacuum systems with suction flow from 10 to 75 kg/h vapour-
air mixture at a suction pressure 300 Pa was developed and commercialized. Twelve vacuum systems have manufac-
tured and introduced successfully for deodorizing vegetable oils in Bulgarian enterprises.   
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1.Introduction 
Deodorization is a crucial refining stage of vegetable oils. Principally, it is a steam distillation under 
vacuum. Multi-stage steam-jet-ejector vacuum systems are the solitary devices that can reach the target 
level of vacuum (300 Pa) and suck large volumes of aggressive vapours and gasses with high temperature 
and humidity. The traditional ejector vacuum systems include 3-5 stages as each one can embrace a 
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steam-jet ejector and a mixing (barometric) condenser. Their main advantages are (i) lower investment 
costs; (ii) simple design, an absence of mechanically moving parts and (iii) high operational reliability 
and a possibility for sealing hermetically without additional equipment; (iv) barometric condensers can 
work at a minimal deference between the temperatures of condensation and cooling water. Their main 
disadvantages are (i) the high consumption of motive steam, cooling water and low energy efficiency; (ii) 
a big volume of waste water; (iii) easier oily pollution of the first barometric condenser and the cooling 
tower [1, 2, 3]. The large quantities of cooling water required are not only Bulgarian but also a global 
problem. This requires the use of cooling water temperature of 30 °C circulated through cooling towers. 
The general objective was to develop and extend multi-stage steam-jet-ejector vacuum systems with 
competitive technical-economic characteristics for Bulgarian refineries of vegetable oils. The energy effi-
ciency of these systems was improved by solving the following two tasks: (i) systems analysis of these 
multi-stage vacuum systems for optimizing their structure and general process parameters and (ii) a selec-
tion of eligible surface roughness of steam-jet-ejectors as a way for reducing their hydraulic losses and 
steam consumption. 
 
Nomenclature 
 
D  the diameter of a ejector’s section  
D/e relative roughness 
e  the average height of roughs 
pX  intermediate pressures in the end of the first stage of vacuum system (Pa)  
pY  intermediate pressures in the end of the second stage of vacuum system (Pa) 
R2  square of the sample correlation coefficient 
Ra  roughness average  
Re  Reynolds number  
Rz the largest difference between peaks and valleys of roughs 
2.Materials & Methods  
Multi-stage steam jet ejector vacuum systems generating vacuum of 0.3 kPa absolute pressure were the 
object of design, analyses, optimization and extension. The suction flow is a steam-vapour-air mixture as 
it contains 93 % steam, 3 % vapours of fatty acids and 4 % air in case of the deodorization of vegetable 
oils [4]. The objects of systems analyse [5] were the number of stages, the presence/absence of ejector, 
condenser and mechanical vacuum pump in each stage; the flowchart of motive steam and cooling water; 
the intermediate pressures in the end of each stage; the pressure of motive steam, the temperature of cool-
ing water and other principal process factors.  
There are two main approaches - empirical and theoretical - for calculating the jet ejectors that are de-
scribed in the scanty specialized literature. The theoretical approach applies gas-dynamical functions [6]. 
The empirical approach [7,8,9], used in the worldwide practice, is based on two dimensionless ratios of 
expansion and compression between the general pressures in the ejector. These publications represent 
only fragmentary calculations related to the suction of dry air. A complete procedure for calculating and 
dimensioning steam jet ejectors, sucked diverse steam-vapour-air mixtures, was compiled, developed and 
presented in our previous works [10,11]. This procedure was used for calculating the jet ejectors in the 
present study. The total consumption of motive steam and cooling water, evaluated by their current prices 
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in Bulgaria, was used as an objective function for optimizing the structure and some important process 
parameters of vacuum systems analyzed. 
The second task was solved as the hydrodynamics of running streams – Reynolds number in represen-
tative sections of ejectors and the friction factor according to Moody’s diagram [12] – were taken into 
consideration.   
3.Results & Discussion   
The energy efficiency analysis [10,11] of multi-stage steam jet ejector vacuum systems reveals that the 
total evaluated consumption of motive steam and cooling water can be minimized when 
(i) Ɍhe last stage of these systems is realised by means of a water-ring mechanical vacuum pump in-
stead of steam ejector.   
(ii) Three-stage vacuum systems are applied instead of four-stage units when they use fresh cooling 
water at temperature 18 ºC. Four-stage vacuum systems are employed instead of three-stage ones when 
cooling water at temperature above 30 ºC from cooling tower is used. The steam generation by means of 
the combustion of sunflower hulls in this case can compensate the higher consumption of motive steam 
from the four-stage units.  
(iii) The first stage of the vacuum system is without a condenser when the unit uses cooling water at 
temperature above 30 ºC and the suction flow passes directly from the first to the second ejector.  
The specific consumption of steam in vacuum systems used cooling water at temperature 30 ºC is 3.6 
times higher than this consumption in systems used cooling water at temperature 18 ºC. However, the 
specific consumption of cooling water at temperature 30 ºC in these systems is 18 % less than the con-
sumption of cooling water at temperature 18 ºC.   
(v) The values of intermediate pressures in the end of the first (pX) and the second (pY) stage were op-
timized by means of a minimization of the total evaluated consumption of motive steam and cooling wa-
ter. The share of steam consumption in the first and second stages is more than 90 % of the total amount. 
The steam consumption in these two stages can be reduced by the increase of pressure pX and the decrease 
of pressure pY (as a locale minimum can be found). The total consumption of cooling water decreases 
when the pressure pX or pY increases as the influence of the second pressure is higher. The pressure of 
motive steam, the cost of steam and cooling water have also an influence on the final specification of the 
pressures pX and pY. A specific two step techno-economical optimizing procedure was developed and ap-
plied for this purpose. The steam consumption in the first and second ejector was use as an objective in-
dex for minimizing in the first step of this procedure. The specific evaluated expenses for working steam 
and cooling water for the entire system are employed as an objective index in the second step. The speci-
fied values of intermediate pressures pX and pY are pointed in the Table 1. These values of pressure pY 
should be decreased by 11÷14 % when the steam pressure rises from 0.6 to 1.0 ɆɊɚ.  
 
Table 1. The specified values of intermediate pressures pX and pY in four-stage vacuum systems developed in case of (A) external 
steam supply and (ȼ) own cheaper source of steam supply using sunflower husk as fuel.  
pX (kPa) pY (kPa) Suction flow of 
unit (kg/h) 
Pressure of motive 
steam (ɆɊɚ) Ⱥ  ȼ Ⱥ  ȼ 
10 0.6 2.5 2.5 7 9 
15 0.7 2.5 2.5 7 8 
75 1.0 1.2 1.1 6 8 
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The high hydraulic losses due to high flow rates in the jet ejectors are one of the reasons for their low 
efficiency. A suitable way for increasing this efficiency is the selection of eligible surface roughness. An 
engineering approach [12] taking into account the hydrodynamics of running streams in ejectors was de-
veloped for this purpose. It includes consequently calculation of 
(i) the Reynolds number Re in selected sections, 
(ii) the critical value of relative roughness (D/e) assuring a minimal linear friction factor 
 
D/e = 0.0015.Re + 161.67 as R2 = 0.9973.                                                                                            (1)  
 
The Eqn. 1 was determined from the Moody’s diagram [13] for the friction factor and it reflects the 
beginning of a stabilized turbulent flow. 
(iii) the average height e of roughs 
 
e = D/(D/e).                                                                                                          (2) 
 
The last parameter e is closely related to the roughness parameter Rz - the largest difference between 
peaks and valleys of roughs. The eligible values of roughness average Ra (recalculated from the Rz va-
lues) are pointed in Table 2. The results show that the highest smoothness in the range of Ra 0.06 ÷ 
0.12 μm should be required for the narrowest critical section of the nozzle. Higher smoothness is required 
for the smaller ejectors which are in the final stages of vacuum system or which have lower throughput.  
Table 2. Roughness average recommended Ra (μm) of ejector’s surfaces related to the sections: A- inlet of motive steam; B- the 
smallest critical section of steam nozzle; C- outlet of steam nozzle; D- inlet of suction flow; E- inlet of converging camber for mix-
ing; F- the throat of cylindrical camber for mixing; G- outlet of flow mixed.   
Representative sections of ejectors  
Ejectors’ stage 
A B C D E F G  
First  0.62 0.12y0.16 5.2y5.6 200y250 15y19 13y15 21y25 
Second 0.42y0.50 0.10y0.12 1.1 32.5 2.5 2.7 5 
Third  0.32y0.40 0.06y0.08 0.30y0.32 6.2 0.4 0.6 1.3 
 
Linear regressions between the roughness recommended and the diameter of the seven representative 
sections in ejectors were derived and presented in Table 3.  
Table 3. Linear correlations between the roughness Rz (μm) recommended and the section diameter D (mm).  
Sections Linear correlations R2 
Ⱥ 0,0812.D + 1,1074 0,9655 
B 0,0728.D + 0,1766 0,7758 
A or B 0,1295.D+ 0,1191 0,8884 
C 0,3393.D - 0,3433 0,9996 
D 2.D 1 
E 0,1666.D + 0,0264 1 
F 0,3334.D - 0,0089   1 
G 0,3331.D + 0,040 1 
F or G 0,3332.D + 0,0139 1 
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A range of four-stage steam-jet-ejector vacuum systems improved with a suction flow of 10, 15, 25, 
35, 50 and 75 kg/h vapour-air mixture was designed. The process equipment flowchart of these systems is 
presented in Figure 1. The suction pressure of these systems is 0.3 kPa. They use cooling water with tem 
perature 30 C as this water circulates through a cooling tower. The pressure of motive steam varies from 
0.6 MPa for systems with smaller suction capacity to 1.0 MPa for bigger ones. The dimensions of ejectors 
and barometric condensers of the units developed are represented in Table 4.  
 
 
Fig. 1. Process equipment flowchart of four-stage steam-jet-ejector vacuum systems designed: I,II,III,IV- stages;  1- 
steam ejector; 2- barometric condenser; 3- water-ring mechanical vacuum pump; S- working steam; W0- fresh cooling 
water; A0- inlet suction flow; Ⱥ2- outflow in the atmosphere.  
The specific consumptions of motive steam and cooling water vary from 10.3 to 12.8 kg/kg and from 
0.84 to 0.97 m3/kg, respectively. These specific consumptions are related to 1 kg vapour-air mixture suck-
ed. The specific consumptions of steam and cooling water related to 1 t oil deodorized are 247y307 kg/t 
and 20.2y23.4 m3/t, respectively. These characteristics are comparable with the consumptions of similar 
vacuum systems produced by leading Russian and German companies as Körting Hannover AG. Ɍhe 
steam consumption of second ejector is the highest as its part is 56.9-81.4 % from the total amount. The 
total steam consumption decreases by 0.27 % if the steam pressure increases by 1 %. The relative steam 
consumption increases in the second ejector and decreases in the other ejectors when the productivity of 
vacuum system increases. The cooling water consumption of second barometric condenser has the highest 
share as its value varies from 97.3 to 98.8 %. The total water consumption increases by 0.19 % if the 
pressure of wording steam decreases by 1 %.  
Table 4. Dimensions of ejectors and barometric condensers included in the vacuum systems developed: L,D – ejector’s length and 
diameter; DC – the body diameter of barometric condenser.  
First stage Second stage Third stage Suction 
flow 
(kg/h) 
Steam 
pressure 
(MPa) L (m) D (m) L (m) D (m) DC (m) L (m) D (m) DC (m) 
10 0.6 1.29 0.20 1.13 0.15 0,25 0,19 0,020 0,050 
15 0.7 1.76 0.25 1.30 0.175 0,30 0,22 0,025 0,050 
25 0.7 2.20 0.25 1.81 0.25 0,40 0,29 0,032 0,065 
35 0.7 2.46 0.25 2.25 0.30 0,50 0,29 0,032 0,065 
35 0.7 2.79 0.40 2.47 0.35 0,50 0,22 0,025 0,050 
50 1.0 3.76 0.50 2.87 0.40 0,60 0,28 0,032 0,065 
75 1.0 4.25 0.60 3.51 0.50 0,70 0,28 0,032 0,080 
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The steam-jet-ejector vacuum system, used steam at pressure 1 MPa, consumes 8 % less steam, 6 % 
less cooling water compared to a vacuum system with a working steam pressure 0.7 MPa. The total mass 
of ejectors (correlating with their price) of the first vacuum system is 17 % less than the second system.  
These vacuum systems were commercialized by two Bulgarian mechanical engineering companies 
“Eko zora” Ltd, town Aksakovo (www.ekozora.com) and “Gea-06”, Varna city. They have manufactured 
till now twelve vacuum systems, introduced successfully in Bulgarian refineries for deodorizing vegetable 
oils. One of these systems can suck air-steam flow up to 10 kg/h, four systems – up to 15 kg/h, three sys-
tems – up to 25 kg/h and four systems – up to 35 kg/h. A part of the vacuum system designed and manu-
factured by “Eko zora” Ltd is shown in Figure 2.  
 
 
Fig. 2. 3D view of a vacuum system manufactured by “Eko zora” Ltd (Bulgaria): 1- first ejector; 2- second ejector; 3- second baro-
metric condenser; 4- third ejector. 
 
4.Conclusion  
There are proposed approaches for: (i) optimizing the structure and general process parameters of 
multi-stage steam-jet-ejector vacuum systems by means of an objective techno-economical function; (ii) 
specifying the roughness requirement of representative ejector’s working surfaces. These approaches 
were applied to develop a family of four-stage steam-jet-ejector vacuum systems with suction flow from 
10 to 75 kg/h vapour-air mixture as their energy efficiency was improved. These vacuum systems were 
commercialized by two Bulgarian engineering companies and they were introduced successfully in 
twelve Bulgarian refineries for deodorizing vegetable oils. 
These vacuum systems could also be applied for other processes as steam refining, bleaching, drying, 
winterizing, degumming and solvent extraction of vegetable oils; for fractioning and interesterifying fats; 
for purifying glycerine, free fatty acids and biodiesel in edible oils, fats and oleochemicals industries. 
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